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By Edmund E. Callaghan and Dean T. Bowden

SUMMARY

An experimental investigatlion has been conducted to determine
the orifice coefficient of a Jet directed perpendicularly to an air
stream as a functlion of pressure ratio and Jet Reynolds number for
circular, square, and elliptical orifices. The effect of air-astream
velocity on the Jet flow was also determined for three tunnel-air
velocities. Equatlions for the flow coefficlents 1n terms of Jet
Reynolds number and pressure ratio were obtained for the various
shapes. Excellent correlation was obtained between the results
for & jet discharging into still alr and the results for a Jet
discharging Into a moving alr stream, provided that the correct
outlet pressure was used.

INTRODUCTION

The introduction of a gas or a vapor into an air stream for
purposes of heating or cooling the alr stream may be easlily accom~
plished by the use of a high-velocity Jet dlirected perpendicularly
to the ailr stream, as reported in reference 1. In order to evaluate
the heating or cooling effect of such a jet, knowledge of the massg
alr flow of the Jet or, more fundamentally, the discharge coeffi-
clent of the orifice from which the jet is issulng is essential.

In addition to the effects of Jet Reynolds number and orifice shape
on the discharge coefficient, the Jet pressure ratio and the inter-
action of the ailr stream and the jet must be considered.

An investigation to determine the orifice-discharge coefficlent
of a high-velocity alr Jet directed perpendicularly to an alr stream
was undertaken in a 2- by 20-inch duct tunnel at the NACA Lewis
laboratory. The discharge coefficlents of circular, squarse, and
elliptical orifices were determined at tunnel-air velocities of
160, 275, and 380 feet per second for several Jjet (orifice) areas,

a range of pressure ratios from 1.15 to 3.2, and a Jet total tem-
perature of approximately 400° F.
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APPARATUS AND PROCEDURE

The experimental investigation consisted of two parts: (1)
determination of the flow coefficients of the orifices in still alr,
and (2) determination of the effect of tunnel-air veloclty on the

Jet flow.

Flow coefficients in still air. - The nine 1/16-inch-thick
thin-plate orifices investigated consisted of three circles, two
ellipses with an axis ratio of 4:1, two ellipees with an axis
ratio of 2:1, and two squares. The circular orifices had diameters
of 0.375, 0.500, and 0.625 inch; the ellipses and squares had areas
equivalent to the 0.375- and 0.625-inch-diameter circles. Each
orifice was investigated over a range of pressure ratios from 1.15 to
3.2 and for Jet total temperatures of approximately 70° and 400° F.
Air for the jJets was obtained by passing high-pressurse alr through
an electric heater and into a plenum chamber, the upper wall of
which contalned the orifice, as shown in figure 1. The mass flow
was measured by & calibrated orifice in the ducting upstream of the
heater. The calibration curve for the measuring orifice indicated
an over-all accuracy of 2 percent.

The plenum chamber was constructed with an inside diameter of
6 inches to minimize the effect of approach velocity and to insure
that the static temperature and pressure measured in the plenum
chamber would be equal to the total temperature and pressure of the
Jet at the vena contracta. .

Static pressures were measured at the orifice and at a point
upstream of the orifice by pressure taps in the tunnel walls.

Effect of tunnel-alr velocity on jet. - The elliptical orifices
were mounted with the major axis parallel to the air stream and the
square orifices with two edges parallel to the air stream. Each of
the nine orifices was investigated over a range of pressure ratlios
from 1.15 to 3.2 for a jet total temperature of 400° F and at
tunnel-air velocities of 160, 275, and 380 feet per gecond. The
gtatic pressure was measured by the wall taps used in the static
investigation and later by & static tap located in the tunnel flcor
at the point of maximum thickness of the jet and about 0.030 inch

from the orifice.
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SYMBOLS

The followling symbols are used in this report:

ay speed of sound at jet vena contracta, feet per second

b minor axis of elliptical orifice, feet

C flow coefficient, ratio of measured to theoretical flow

D‘j diameter of circular orifice, feet

d length of side of square orifice, feet

g acceleration due to gravity, 32.2 feet per second per second
PJ - total pressure of jet, pounds per square foot absolute

pJ outlet static pressure immedlately adjacent to orifice,
pounds per square foot absolute

Pp static pressure of air in plenum chamber, pounds per
square foot absolute

R gas constant, 53.3 foot-pounds per pound per Op
Re jot Reynolds number

TJ total temperature of Jet, °F

tp static temperature of air in plenum chamber, °R
VJ velocity of Jet at vena contracta, feet per second
Vp velocity of air in plenum chamber, feet per second

6, B flow parameters

Y ratio of specific heats of air, 1.400
Hy viscosity of Jet at vena contracta, slugs per foot per second
DJ mass density of jet at vena contracta, slugs per cubic foot

mass density of air in plenum chamber, slugs per cubic foot
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METHODS OF CALCULATION

The Jjet velocity VJ and the Jet density DJ at the vena

contracta, or minimum section, were determined with the compressible-
flow relations for the subsonic or unchoked conditions from the
following equations:

2 2
R T S RS
7-1 Dp 2 7-1 Py 2

1
3-34)’
pp Pp

Because Vp is very near zero, pp = PJ and tp = TJ + 460 and

therefore
v. =, 122 (Pp _ Rd\ . 2.646A 2R _ BJ
J 7-1\e,, o, Pp Py

py
y
ok
Pp

 When the static-pressure ratio across the Jjet exceeded that
necessary for choking, the jet velocity at the vena contracta
equaled the local speed of sound in the air. The jet veloclty for
this case was determined from the following equation:

- rE ] = = 'Y t
Vy=ay -V_?J’ﬁ. gr(Ty + 460) 44.8\/% + 460 = 44.81/%,

The jet density for the choked condition was determined firom the
total temperature and pressure by use of the following equation:

1
1-y P P p

p, = (XL 0.000583 ——3 — = 0.000369 m—=— = 0.000369 £
J 2 Ty + 460 T, + 460 T

o~
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The theoretical mass flow of the Jet was calculated as the
product of the Jet density OJ, the Jet veloclity Vﬁ, and the

orifice area. The flow coefficient C was calculated as the ratilo
of measured flow to theoretical flow.

RESULTS AND DISCUSSION

The problem of orifice-discharge coefficients at high pressure
ratios was first investigated by de Saint-Venant (réference 2) and
later in references 3 to 5. A theoretical analysls was presented in
1902 by Chaplygin (reference 6) that showed good agreement with the
results of references 3 to 5. All the experimental investlgations,
however, were conducted with circular orifices in still air and no
attempt was made to obtain a jJet Reynolds number correlation or
shape effect. In addition, when a Jet 1s discharged into a moving
air stream, an interaction between the stream and the jet may be
expected.

Jets discharging into still air. - The first part of the inves-
tigation was conducted to determine the orifice coefficients of a
Jet discharging into still air. The variation of flow coefficient
ags a function of pressure ratlo PJ/pJ is shown in figure 2 for

the 0.375- and 0.625-inch-diameter circular orifices at a constant
Jet total temperature of 70° F. The slight offset of the similar
curves obtained indicates a jJet Reynolds number effect. This
effect may also be geen in figure 3, where flow coefficlients for
the 0.625-inch-diameter orifice are plotted as a function of pres-
sure ratio for Jet total temperatures of 70° and 400° F.

In both figures 2 and 3, the effect of increasing the Reynolds
number, either by using a larger orifice diameter or a lower Jet
temperature, ylelds a lower flow coefficlent.

The curves of figures 2 and 3 show that a linear variation of
flow coefficient was obtained with pressure ratio at subsonlic flows.
A transition region occurred at pressure ratios slightly higher
than choking flow (1.87) and a definite decrease in slope of the
curve was evident. A linear variation of flow coefficient with
pressure ratio was again obtained at high values of pressure ratio.

A cross plot of all the circular;orifice data 18 shown in
figure 4 where the flow coefficlent is plotted as a function of jJet
Reynolds number (pJvJDJ)/”J for cunstant values of pressure ratlo.
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The curves obtained are similer to those normally given for orifice-
discharge coefficients at pressure ratios neer 1. The flow coef-
ficient decreased with increasing jet Reynoclds number.

A cross plot of the data in figure 4 showed that at a constant
Reynolds number two straight lines almost exactly represented the
variation of flow cocefficient with pressure ratio (fig. 5).

These flow-coefficient relations at constant Reynolds number
were utilized as & parameter 6. From a replot of the data in
figure 4 as the variation of flow parameter c/e with Reynolds
number, a single curve was obtalned (fig. 6). An equation for this
curve has been obtalned; it should be noted, however, that 6 rep-
resents two functions that are valid only in their defined limits.

% = 0.948 + 4.83
Re X 10'4 + 53.8

where for Pj/py from 1.15 to 2.09

)
6 = 0.151 == + 0.44
Pj
and for PJ/PJ from 2.09 to 3.2

P
6 = 0.060 =L + 0.636
Pj

and

PsViDsy
Re=_l_.ll_11
M3

Two curves of flow coefficient as a functlon of pressure ratio
heve been constructed from this equation for Reynolds numbers of
60,000 and 350,000 and plotted with the theoretical results pre-
sented by Chaplygin (fig. 7). The analysis of reference € is
applicable only for two-dimensional flow in the subsonic reglon.

The agreement between the theoretical calculations for two-dimensional
flow and the experimental results for three-dimensional subsonic
flow is evident in figure 7.
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Analysis of the elliptical data showed that it was possible to
correlate the flow coefficients of the ellipses with axls ratios of
4:1 and 2:1 as a function of jJet Reynolde nuwber for constant pressure
ratios, provided that the jet Reynolds number was based on the minor
axis. The variation of flow cocefficient with Reynolds number at
constant pressure ratios 1s shown in figure 8 for all four ellipses
at jet total temperatures of 70° and 400° F.

A comparison of the curves in figure 8 at a constant value of
Reynolds number showed that each curve had a slightly different
slope. It was therefore necessary to obtain a parameter B 1in
terms of the pressure ratio based on the Reynolds number at which
jdentical slopes were obtained. A plot of the varlation of flow
coefficient with Ke/p was made and curves similar to those for
circular orifices were obtalned. The parameter 6 could then be
obtained so that C/6 plotted as a function of Re/p ylelded a
single curve (fig. 9). The following equation for this experimental
curve was obtained:

€ 0.964 + —

-4
Re x 10
: B

0.130

[es]

+ 0.63

for PJ/pJ from 1,15 to 2.09

P
0.149 —i + 0.469
Py

[¢5]
L}

W
|l

P
5.97 Bi - 4.17

and for Py/py from 2,09 to 3.2

P
0.054 = + 0.667

e = pj
Py
g = 2,00 53 + 4.20

and
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Py Vib
Reg._L__L-
H3

The flow coefficients obtained with the square orifices were
correlated with Reynolds number in the same manner as for the clr-
cular orifices (fig. 10). The Reynolds number was based on the
length of a side 4,

It was again possible to plot C/G as a function of Reynolds

number and obtain a single curve (fig. 11). The following equation
for this experimental curve was obtained:

7.5

= = 0.916 +

[} [ @]

Re x 10~ + 74.0

vhere for PJ/pJ from 1.15 to 2.09

P
0.150 TJ + 0.467

6 =
P
for Pj/pj from 2.09 to 3.2
P
6 = 0.061 =— + 0.655
P,
J
and
p, V.
Re =—i——1—
HJ

A comparison of the various curves calculated from the orifice
equations (fig. 12) shows that for a given orifice area, jet tempera-
ture, and outlet pressure, the flow coefficients in descending order
were the ellipse with an axis ratio of 4:1, the ellipse with an axis
ratio of 2:1, the square, and the circle. This relation of the
various flow coefficlents logically follows from considerations of
. the types of flow involved. With the circular orifice, the lines
of flow converge from all azimuths and hence result In the lowest
flow coefficlents, The mquare-orifice flow llnes converge in

approximately four directions and thus should produce a higher flow
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coefficient than a circular orifice. The ellipses, particularly
those with large axls ratio, approach a slot Iin shape and therefore
yield the highest flow coefficients because the flow lines from a
slot converge in only two directions.

Effect of tunnel-alr veloclty on jet flow. - For the inltial
study of the interaction of the Jet and the alr stream, the statlc
pressure into which the jet was discharging was assumed equal to
the free-stream static pressure of the alr stream. The variation
of flow coefficient with pressure ratio is shown in figure 13 for a
0.625-inch-diameter circular orifice at a jet total temperaturs of
400° F and at tunnel-air velocities of 0, 160, 275, and 380 feet
per second. Because the curves were separated by a functlon that
was dependent on the free-stream veloclity and because of the rela-
tion of static pressure to velocity (Bernoulli's equation), a fur-
ther investigation of the static pressure into which the Jet was
discharging was undertaken.

Measurements were made of the static pressure immediately
ad jacent to the Jet at the point of maximum thickness by a tap
located in the tunnel 0,030 inch from the orifice. These data indi-
cated a static pressure considerably lower than free stream and
somewhat lower than that indicated by a static tap located on the
tunnel wall at the same longitudinal position. Analysis of these
data showed that the free-stream statlc pressure was related to the
outlet static pressure in accordance with the Bernoulll and mess-
flow equations, provided that the free area at the orifice was based
on the tunnel width minus the jet width at the point of maximum
thickness. When the data of figure 13 were replotted uslng the
corrected values of flow coefficient and pressure ratio based on the
corrected outlet pressure, data were obtained (fig. 14) that were in
excellent agreement with the calculated curve for a Jet discharging
into st1ll air. When this correction was applied to all the data
for circular, square, and elliptical orifices, excellent agreement
wag obtained with the results for a Jet discharging into still ailr,
Calculation of the flow coefficient for a Jet dlscharging into an
air stream i8 thus possible when the equations for a Jjet discharging
into still air are employed, provided that the correct outlet pres-
sure 1is used.

SUMMARY OF RESULTS
The following results were obtained in the investigation of

the flow coefficients of circular, square, and elliptical orifices
discharging into both a still and a moving air stream.
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1. Equations were cbtained for the flow coefficlents for the
various shapes in terms of pressure ratio and Jet Reynolds number.

2. Agreement was obtained between the experimental results for
thraee-dimensional flow with circular orifices and the theoretical
results for two-dimensional flow.

%, The flow coefficient increased linearly with increaslng
pressure ratio for pressure ratios up to choking. A transition
region was obtalned at pressure ratios slightly higher than
choking and the flow-coefficlent variation again became linear with
pressure ratio for the high values of pressure ratio.

4. The flow coefficient increased more rapidly at the low
pressure ratios than at high rressure ratios.

5. The flow coefficient decreased with increasing Jet Reynolds
nuwtber at constant pressure ratlos.

6. For a particular value of pressure ratlo and Jet total
temperature, the ellipses yislded the highest flow coefficients.

7. No effect of stream velocity on flow coefficlent was
obtained, provided that the proper outlet static pressure was
utilized.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, May 13, 1949,
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with pressure ratio for clrcular, square, and elllptical orlfices.

Orifice area, 0,307 square inch; jet total temperature, 4000 F;

~ outlet pressure, 2116 pounds per square foot.
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Figure 13. - Varliatlon of uncorrected flow coefficlent with
wncorrected pressure ratio for 0.8625-inch circular arificeogt
several tunnel-air velocities. Jet total temperature, 400~ F.
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Flgure l4. - Variatlon of corrected flow coefficlent with corrected
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